Naturally and experimentally deformed gouges from sliding surfaces within the Galera Fault Zone were analyzed using scanning and transmission electron microscopy (SEM, TEM) to identify changes in the fault rocks as a consequence of ongoing deformation. The two gouges studied have a particular mineral association that includes planar (mainly smectite and illite) and fibrous clay minerals (sepiolite and palygorskite). Microstructural findings include a radical difference in grain alignment between the two gouges, a phenomenon that strongly influences gouge permeability. Smectite crystals are aligned on the same orientation and show a great number of layer terminations and delamination on the basal planes that contribute to a distributed mode of deformation in the gouge. In contrast, the sepiolite-rich gouge exhibits a grid-like microfabric that results in localized deformation limited to small areas where the needle-like crystals are bent and broken producing "feather-like" structures, without the presence of lattice distortions. Meanwhile, significant chemical results include: (1) Al content identified in sepiolite fibers through analytical electron microscopy (AEM), together with variability in the (110) d-spacing of sepiolite across single fibers, suggest the existence of a progressive transformation from sepiolite to palygorskite. (2) Mg content in smectite suggests that a portion of the smectites within the fault plane could have an authigenic origin and may be the result of a transformation reaction from palygorskite, however, the similarity of the 2:1 layer compositions between the smectites in the two contexts do not allow to either confirm nor deny such possibility. (3) Chemical continuity of Mg-decrease and Al+Fe-increase in the octahedral cation content of the sepiolites, palygorskites, and smectites within the gouges indicate a sequence of mineral transformations that is favored by a depleted Mg content and an increase of Al content in the fluid. In this setting, deformation promotes grain size reduction and fluid-rock interaction with the wall rocks resulting in a local supply of Al to the fault gouge that drives phase transformations. Structural differences between smectites and fibrous clay minerals affect important chemical and physical properties of the gouge including their mechanical properties. We propose that the permeability of the gouges in the Galera Fault is strongly affected by their mineralogy. Furthermore, the extent of the mineral authigenesis and mineral transformations could be a controlling factor that progressively changes both the permeability and the strength of the fault.
present different resistance to shear due to the authigenic minerals concentrated in each section of the fault: the gouge to the southwest, which is rich in fibrous clay minerals has a higher friction coefficient (m = 0.47 under wet deformation); meanwhile the gouge recovered close to the town of Galera is rich in smectite with a small amount of fibrous minerals and has a lower friction coefficient (m = 0.17 under wet deformation) (Sánchez-Roa et al. 2016) . The contrasting mechanical behavior between the two gouges motivates the study of the textural evolution and mineral transformations that can contribute to a differential resistance to shear during active faulting.
Permeability is an important parameter in fault zones and is impacted by fundamental parameters such as the host-rock lithology, fault activity, magnitude of displacement, pre-existing structures, the depth, the tectonic stress field and the width of the deformed zone (Houwers et al. 2015) . The rock texture and its influence in the permeability of the two gouge types of the Galera Fault Zone can be explored through scanning and transmission electron microscopy (SEM and TEM). A micro-and nano-scale study of these fault rocks could provide a deeper insight into the deformation mechanisms in phyllosilicates. Planar phyllosilicates commonly deform through delamination, fracturing, kinking, and dislocation glide (Ibanez and Kronenberg 1993; Mares and Kronenberg 1993; Sánchez-Navas and Galindo-Zaldívar 1993; French et al. 2015) . Delamination often occurs during frictional sliding in phyllosilicates with low interlayer electrostatic separation energy (Moore and Lockner 2004) , as is the case for talc and pyrophyllite (Giese 1978; Sakuma and Suehara 2015) . However, little is known about the possible deformation mechanisms and fluid/mineral interactions occurring in fibrous materials such as the fibrous clay minerals or a mixed regime where both fibrous and planar phyllosilicates are present.
TEM study of clay minerals is challenging due to their susceptibility to electron beam damage, which is mainly related to the diffusion of alkali elements induced by the high voltages of the electron beam (van der Pluijm et al. 1988; Peacor 1992 ). These observations remain true for the fibrous clay mineral group (sepiolite and palygorskite), where the cause of instability under the electron beam has been previously attributed to the high percentage of H 2 O and mobile cations within the zeolitelike channels (Krekeler and Guggenheim 2008) . Most work on the microscopic properties of these minerals has been achieved by separating individual particles, however, the investigation of their mineral transformations and their contribution to the fabric of rocks is still to be explored. Thus, the study of these minerals and their texture in the context of active deformation is poorly understood and requires TEM exploration.
In this study, we investigate naturally and experimentally deformed fault gouge samples from two main shear zones within the Galera Fault Zone by SEM and TEM. The aim of the study is to identify the microstructural features and mineral transformations that contribute to differences in the resistance to shear between the two main shear zones of the Galera Fault Zone.
GeoloGiCal SettinG and mateRialS
The Galera Fault Zone is an active strike-slip fault ( Fig. 1) , located in the Betic Cordillera of southeast Spain within the Guadix-Baza Basin (García-Tortosa et al. 2011 ). The Galera Fault has an extension of approximately 23 km long and 1.5 km wide with orientation N50°E. The structure is associated with a northeast-soutwest elongated asymmetric anticline and consists of several parallel splays dipping 40° to 60° NW (Sánchez-Roa et al. 2016) . The sedimentary sequence of the wall rock presents an alternation of white marls and dark lutitic layers that contain dolomite, gypsum, quartz, calcite, and phyllosilicates in their mineral assemblages. Two distinct minerals assemblages have been identified within the fault planes and are the focus of this study. The first consists of smectite-and palygorskite-rich fault gouges at the central area of the fault (Galera Village); the second consists of a sepiolite-rich gouge mainly at the southwest segment of the fault (Rambla de los Pilares). Fibrous clay-rich gouges are enriched in Mg due to hydrothermal alteration during periods of fluid-rock interaction, concentrated in fault planes and fractures (Sánchez-Roa et al. 2016 ).
methodS

Sample preparation
The preparation of samples for high-resolution (HR) TEM observation had three different procedures.
Impregnation with London Resin White (LRW) and ion thinning. Samples selected for microstructural analysis were prepared using a method modified from Kim et al. (1995) . The method involves a multi-step exchange of the sample material with ethanol (99.9%) and London Resin White under refrigeration. The aim of the impregnation is to preserve the texture and the permanent expansion of smectite interlayers for TEM observation.
The impregnation of samples involves a hydration phase, where air-dried rock pieces were placed on a grid suspended over water creating a water steam saturated atmosphere. The samples were left for rehydration over a period of 48 h. During the embedding phase: The water in the clay is replaced by ultra-pure ethanol of 99.9% purity. The samples were immersed in 100% ethanol for two periods of two hours and one of four hours. The LRW is progressively added in different mixtures of ethanol and LRW with volume ratios of ½, ⅓, and ¼ each for two hours and then immersed in pure LRW overnight in a refrigerator. The next day the LRW was changed twice after periods of four hours. Finally, in the polymerization phase, fresh LRW was added to the samples and placed in an oven at 60 °C for 24 h to polymerize and harden the LRW. The vacuum desiccator step (Kim et al. 1995) was not fully carried out due to the fragile nature of the samples.
The cured samples were cut perpendicular to the shear plane, in the direction of shear and an ordinary thin section was then prepared using a diamond saw with oil as the lubricant to shape the samples. Sticky wax was used as an adhesive to bond the sample and the thin section glass.
Several 3 mm copper rings with a 1 mm hole in diameter were glued with an epoxy resin to the areas selected for further study. After drying for 24 h, the rings were removed by heating the thin section. The rings were cleaned and ion-thinned to a suitable thickness for TEM study in a Fischione-1010 ion mill (Universidad de Jaén). The initial conditions for the ion thinning were 12°, 5 kV, and 5 mA until the first hole opened, from there they had an intermediate stage with 8°, 4 kV, and 5 mA, followed by a final stage with 5°, 3 kV, and 5 mA.
Impregnation with Epothin resin and FIB-SEM. Sample preparation through the second method included an impregnation of the samples in EpoThin resin and hardener in a ratio of 2:1 and hardened under vacuum. The blocks were polished using silicon carbide powder and both isopropanol and mineral oil as lubricant agent. The polished blocks were observed under a Dual Beam Ariga Zeiss focused ion beam-scanning electron microscope (FIB-SEM) mainly operated at 30 kV (Universidad de Sevilla). The objective of using the technique is to identify the most interesting areas for observation while keeping the fabric and structural context of the extracted lamellae. The FIB-SEM technique combines imaging capabilities of the electron beam and milling capabilities of the ion beam allowing the selection of suitable sampling sites with signs of higher deformation and micro-scale sectioning of electron transparent foils for TEM analysis. The selected area is marked and trenched using a focused beam of Ga + ions (Overwijk 1993) , the initial intensity for trenching was set to 20 nA for one hour and then set to 4 nA until the end of the trenching process. The procedure leaves a narrow slice standing and pending by one of the uncut edges. The slice was then welded by depositing a Pt-binding agent and was fixed to a half-copperwasher for TEM observation.
Particle dispersion. Powders of the natural samples were prepared using holey carbon-coated Cu grids. The powder was dispersed in ultra-pure ethanol and immersed in the ultrasonic bath for 15 s. This preparation disperses individual grains of minerals onto the grid surface. The analyses performed on individual crystals allow a larger area to be used in the scanning transmission electron microscopy (STEM) mode for the chemical quantitative analysis and provides better reproducibility of data due to the decrease in alkali loss. Although the powdered samples offer better analytical quality, the ion-milled samples offer textural information of the analyzed grains (Abad et al. 2002) .
In addition to the natural samples, homo-ionized specimens of the smectiterich sample were also analyzed using this particle dispersion method to reveal the possible presence of interlayer Mg.
Analytical techniques
Scanning electron microscopy (SEM). Textural observations were made on polished impregnated blocks in secondary electron mode (SE) and backscattered electron mode (BSE). The SEM study was carried out with a Merlin Carl Zeiss field emission (FE) SEM in the Centro de Instrumentación Científico-Técnica of the Universidad de Jaén.
High-resolution transmission electron microscopy (HR-TEM). The TEM images were obtained using three instruments: a JEOL-2000-FX-II TEM at the University of Zaragoza operated at 200 kV; a FEI TITAN G2 TEM in the Centro de Instrumentación Científica (C.I.C.) of the Universidad de Granada, operated at 300 kV, with XFEG emission gun, spherical aberration corrector and HAADF detector, with a resolution of 0.8 Å in the TEM mode and 2 Å in the scanning TEM mode; and a FEI TITAN High-Base TEM in the Laboratorio de Microscopias Avanzadas at the Universidad de Zaragoza, operated at 300 kV, with Schottky-FEG emission gun, spherical aberration corrector (CETCOR, CEOS company), HAADF detector, and a 2k × 2k CCD Gatan camera, with a resolution of 0.9 Å in the TEM mode.
Analytical electron microscopy (AEM). Chemical analyses (TEM-AEM)
were obtained with two instruments: a Philips CM20 (C.I.C., Universidad de Granada), operating at 200 kV in STEM mode, with an EDAX solid-state energydispersive X-ray (EDX) detector and with a scan window of ~20 Å ~100 nm for the analysis of individual clay particles; the second instrument is a FEI TITAN Low-base TEM in the Laboratorio de Microscopias Avanzadas at the Universidad de Zaragoza, operated at 300 kV, with a high brightness field emission gun (XFEG), a monochromator unit, a spherical aberration corrector (CETCOR, CEOS company), HAADF detector, and a 2k × 2k CCD Gatan camera, with a resolution of 0.9 Å. The analyses were obtained in the HRSTEM mode. The following minerals were used to obtain the k factors for the transformation of intensity radiuses toward concentration ratios in accordance with the approximation made by Cliff and Lorimer (1975) : albite, olivine, biotite, spessartine, muscovite, chlorite, and titanite.
Structural formulas of smectites were calculated from AEM data after analyzing 103 crystals. The results were normalized to O 10 (OH) 2 and all Fe was considered as Fe
3+
. The normalization procedure shows a sum of octahedral cations higher than 2.1 per formula unit (pfu) for 43% of the analyzed crystals indicating a divergence from their dioctahedral character. In addition, the sum of interlayer cations is lower than 0.2 afu for 32.5% and lower than 0.3 for 53.9% of the analyzed crystals. These results suggest the possibility that some of the Mg 2+ that was originally considered octahedral is instead located in the interlayer. Analyses on smectite particles from the samples homoionized with K and Ca show: a strong decrease in Mg content, an octahedral population very close to 2 afu, and normal values of interlayer population. Based on these results, the total Mg 2+ of the natural samples was redistributed within interlayer and octahedral positions to ensure that the octahedral sheet keeps a dioctahedral character and that the interlayer charge remains within the normal range for smectites (0.2 to 0.6).
Permeability measurements
Permeability tests were carried out on a triaxial deformation apparatus with a servo-controlled axial loading system and fluid pressure pump (Mitchell and Faulkner 2008) in the Rock Deformation Laboratory in the University of Liverpool. . The servo-controlled pore fluid system controls pore fluid pressure and serves as a high precision volumometer. This system can be used to measure permeability through various methods including the pulse transient technique (Brace et al. 1968) applied in this study to obtain values of permeability for the fault gouges at different confining pressures. The gouge powders were prepared by mixing 0.4 g of the sample with 0.5 mL of distilled water. The paste was then placed between two sintered discs with a known permeability of 10 -13 m 2 . The disks holding a cylindrical gouge layer approximately 1 mm high were placed within a PVC jacket and coupled with the sample assembly. Once the sample was inside the pressure vessel, the confining and pore pressure were progressively increased from a pore pressure value of 5 MPa that was kept for all measurements and an initial confining pressure of 10 MPa. The confining pressure was progressively increased in 20 MPa intervals to obtain permeability measurements at 5, 20, 40, 60, 80, and 100 MPa effective pressure. The pressure was left to equilibrate after each pressure increase until no changes in either pore or confining pressure were observed. The samples were recovered after depressurization and carefully measured to determine the final sample thickness and calculate permeability values. The pulse transient technique imposes a 1 MPa pressure differential in the upstream reservoir and bases the calculations on how this pressure increase is transmitted through the gouge sample to determine permeability (Brace et al. 1968) .
ReSultS
SEM observations: Naturally deformed fault rocks
Smectite-and palygorskite-rich fault gouge. BSE-SEM observations of the fault gouge from the Galera town area show that the rock is composed of a very fine-grain phyllosilicate-rich matrix that constitutes the majority of the rock and surrounds micrometer-size clasts of dolomite, orthoclase, and quartz. Deformation features in the sample include the presence of bands of very fine grain minerals alternated with bands of coarser minerals that suggest cataclastic processes including grain rotation and grain size reduction (Fig. 2) . The observed structural features of the sample include the alignment of platy clay minerals in an orientation similar to the shear direction, between 135° and 180° to the shear vector (Rutter et al. 1986 ), hereafter called the P-foliation after Logan et al. (1979) . A set of shears that transect the P-foliation were also identified in the gouge and correspond with the definition of R 1 (Riedel) shears according to Logan et al. (1979) . The gouge also exhibits surfaces parallel to the shear zone and with the same sense of shear; here referred to as Y surfaces (Logan et al. 1979) .
Sepiolite-rich fault gouge. Low-magnification BSE images of the sepiolite-rich fault gouge show a homogeneous gouge with very fine grain size sepiolite that constitutes the majority of the sample (Fig. 3a) . Deformation features are observed in the larger grain size phases that show mica-delamination and broken and aligned grains (Fig. 3a) , however, due to the clay size of the matrix further examination is restricted. Secondary electron image using an in-lens detector of the gouge matrix shows fibrous sepiolite crystals with mainly two preferred orientations perpendicular to each other forming the majority of the gouge matrix (Fig. 3b ).
Experimentally deformed fault rocks
Smectite and palygorskite fault gouge material (wet deformation). The examined gouge layers were recovered from the sliders. Samples retain some features related to the experimental assembly such as the grooved surface of the sliders (Fig. 4a ). High deformation is visible toward the limit with the grooves; these types of shears have been described as boundary shears. The experimentally deformed layers show microstructural features previously described for clay-rich fault gouges (Rutter et al. 1986 ), such as P-foliation (Figs. 4b and 4c) and R 1 shears, the deformation bands are markedly noticeable when affecting coarser grains of mica and dolomite.
FiGuRe 2. BSE image showing the deformation features of the naturally deformed smectite and palygorskite fault gouge, including P-foliation following the alignment of platy clay minerals, R 1 (Riedel) shears transecting the P-foliation, and Y surfaces parallel to the shear zone. Mineral abbreviations according to Whitney and Evans (2010) , Or = orthoclase, Dol = dolomite, Qz = quartz.
Sepiolite fault gouge material (wet deformation).
Deformation microstructures in the experimentally deformed sepiolite-rich gouge are highly pronounced in mineral phases with bigger grain size, however, clay mineral alignment is hard to define (Fig. 5) . The artificial grooves in the gouge were lost during the impregnation due to the highly localized strain in the boundary shears (Fig. 5) . Larger gypsum crystals are deformed in domino-type asymmetric boudinage (Figs. 5b and 5c), while larger mica crystals align and delaminate in favor of areas of localized shear (Figs. 5d and 5e). Dolomite crystals also appear highly fragmented due to the transection of R 1 and P surfaces with trail development (Fig. 5f ). Smectite and palygorskite fault gouge material (dry deformation). The experimentally deformed gouge closely resembles the deformation structures identified in the natural gouge such as the R 1 shears, bands of clay minerals alternated with bands of bigger grain size (Figs. 6a-6d) . A view of the shear planes shows the polished slickenside surface and striae, resulting from the shear (Figs. 6e and 6f) .
Sepiolite fault gouge material (dry deformation). SEM examination of the deformed gouge shows similar deformation microstructures to that observed in the gouge deformed naturally and under wet conditions (Fig. 7) . Being noticeable a high amount of small incipient shears that align in a similar direction but are not connected between them (Fig. 7c) . Figures 7d to 7f show the presence of a grid-like microfabric of the deformed gouge caused by the two main preferred orientations of sepiolite fibers. The two orientations of the fibers persist even toward the R 1 shears and on the shear planes (Figs. 7e and 7f ).
Summary of micro-scale observations
In the naturally deformed rocks, grain orientation for the two materials studied differs significantly. The smectite-and palygorskite-rich gouge shows grain alignment with a series of parallel structures following similar orientations, on the other hand in the sepiolite-rich gouge it is noticeable the presence of two or more orientations of the fibers. Meanwhile, the differences for grain orientation identified in the two naturally deformed gouges studied remain noticeable in the experimentally deformed rocks, grain alignment in the smectite-and palygorskite-rich gouge and grid microfabric in the sepioliterich gouge. Finally, the presence of water during deformation does not develop any significant differences in grain orientation for either gouge, showing a similar resulting microstructure under both wet and dry conditions.
TEM observations: Naturally deformed fault rock
Smectite and palygorskite fault rock. The gouge has a matrix mainly composed of smectite, with minor amounts of palygorskite and illite. The general texture of the rock shows phyllosilicate alignment as well as elongated porosity parallel to the basal planes of the crystals (Fig. 8a) . The abundant presence of smectite helps to coat the coarse grains to maintain the fluid texture observed at lower magnification (Fig. 8b) . High-resolution images of the rock matrix in a smectite-rich area show parallel to sub-parallel lattice fringes of smectite, the (001) spacing of smectite is measured to be around 1.05 to 1.30 nm, due to the variable collapsing of its interlayer space in areas of poor impregnation (Figs. 8c and 8d ). Lattice fringes with spacing that vary from 2.00 to 2.30 nm were also observed within the smectite-rich matrix, which might correspond to mixed layer I/S with a variable degree of collapse (Fig. 8d) . The smectite crystals present broken and displaced lattice planes where the low crystallinity of the clay grains is evidenced by the absence of packets of more than two or three layers that never achieve a thickness of more than 10 nm (Figs.  8c and 8d ). This kind of texture, which has been frequently described in smectites from both authigenic (Krekeler et al. 2004 ) and sedimentary (e.g., Nieto et al. 2016) environments, is compatible with plastic processes, able to accommodate the strain without breaking of the crystals. Illite shows lattice fringes with 1.00 nm spacing and is the most crystalline phase on the basis of selected-area electron diffraction (SAED) patterns, however illite crystals are embedded in smectite crystals with a similar orientation, which hinders the chemical analysis of a single phase (Fig. 8e) . HR-images show crystals with diffuse regions consistent with the polysomes structures described by Krekeler et al. (2005) (Fig. 8f) .
Sepiolite fault rock. The general texture of the rock showed that the fibers have mainly three preferred orientations: orientations 1 and 2 have the c-axis (direction of the fiber) parallel to the imaged plane and are oriented almost perpendicular to each other; orientation 3 has the c-axis of the fibers oriented perpendicular to the imaged plane, showing a transversal section of the bundles that appear in the image as small polygons (Fig. 9) . These three orientations constitute a three-dimensional grid-like microfabric of the rock. The rock matrix is composed of fiber-aggregates (bundles) with different sizes that vary from 1 mm to 100 nm (Fig. 9) . The lack of fiber orientation in the rock matrix creates a large number of triangular to polygonal voids in the rock distributed throughout the matrix (Fig. 9) . SAED patterns in the matrix are difficult to obtain, however, it is possible to observe reflections representing the (110) spacing of sepiolite at around 1.23 nm (Fig. 9b inset) .
FIB-cut-lamellae extracted from the red rectangle shown in Figure 3a allowed the identification of the general sense of deformation of the samples (Fig. 10a) . Lamellae TEM observations show a consistent orientation for a set of feather-like structures that coincides with the general direction of shear of the sample (Figs. 10b, 10d, and 10e) . The feather structures show significant reduction of the grain size by bending and eventually breaking the fibers, creating an area of small oriented fibers that form the feather structure and are only recognizable at the TEM-scale (Fig. 10) .
HR-TEM images show that the (110) lattice fringes in sepiolite crystals are continuous and no layer terminations were observed (Fig. 11) . High-resolution images of the sepiolite crystals show lattice plane spacings that vary from 1.10 to 1.24 nm (Fig. 11) . Some crystals (Fig. 11a) (Figs. 11b and 11c) .
High-resolution images on single fibers in the naturally deformed sepiolite-rich samples showed multiple crystals with intermediate d-spacings between palygorskite and sepiolite showing a range of d-spacings from 1.03 to 1.18 nm (Fig. 12a) . Furthermore, the images show crystals with d-spacings of 1.04 to 1.06 nm that correspond to the (110) plane of palygorskite. Crystal defects as dislocations were identified within these palygorskite crystals (Fig. 12b) .
Experimentally deformed gouges
Smectite and palygorskite fault gouge material (wet and dry deformation). Under wet conditions, low magnification images of the experimentally deformed gouge show two distinctively different textures of the rock (Fig. 13a ). The first texture shows an oriented fabric constituted of laminar aggregates (Fig. 13b ) that isolate the lenses of the second texture (Fig. 13a) . Smectite and illite crystals constitute the matrix of texture 1 in the artificially fabricated gouge, these phyllosilicates are aligned on their basal planes, contrary to the initial random orientation of the crushed and powdered natural rock when placed on the sliders. Smectite spacing in these samples has been identified at around 1.02 nm and it is possible to recognize several deformation features including delamination of the phyllosilicates and shearing of phases with larger grain size, such as gypsum (Fig. 13b) .
The second texture exhibits a more homogeneous aspect without visible crystals or any particular fabric orientation (Fig. 13c) . High-resolution observations show that the origin of the two textures relates to the type of phyllosilicate in the area. Texture 1 is composed of smectite and illite, while texture 2 is entirely composed of the fibrous palygorskite (Fig. 13c) .
Samples deformed under the absence of water (dry deformation) show the same kind of phase segregation observed in the samples deformed under wet conditions (Fig. 14) . Smectite-rich areas form sigmoidal structures and present large elongated pores that follow the orientation of the fluid-like deformation structure (Fig. 14a) . SAED patterns are difficult to obtain for individual grains; however, the general SAED patterns in the matrix of both textures show significant differences confirming the segregation of mineral phases by habit. SAED pattern from areas rich in planar phyllosilicates are turbostratic, where the long axis represents d-spacings of 1.00 nm corresponding with the lattice spacing of the (001) plane of illite and possibly the collapsed smectite crystals, and the short axis represents d-spacings of 0.52 nm corresponding with the (003) plane of smectite (Fig. 14b inset) .
Sepiolite fault gouge (wet and dry deformation). The general texture in the gouge deformed under wet conditions shows a continuous feather structure or kinks (Figs. 15a and 15b). High-resolution images show (110) planes of sepiolite crystals with different d-spacing, varying from 1.14 to 1.20 nm (Fig. 15c) , this particular image with angular edges is possibly viewing the crystals along the [100] direction. The parallelogram-shaped minerals could be the result of a crosssection of rod mesocrystals that resemble open channel defects described by Krekeler and Guggenheim (2008) .
Very few images were obtained from the gouge deformed under dry conditions. The lattice fringe spacing of the sepiolite crystals measured in this preparation was 1.14 nm.
Analytical electron microscopy
AEM analyses of single crystals from the two fault gouges in the Galera Fault Zone were collected to define the chemical compositions of sepiolite, palygorskite, and smectite crystals and are presented in Figure 16 in the form of the main octahedral oxides to detect transitional compositions between sepiolite and palygorskite as well as between palygorskite and smectites. The fibrous samples plot continuously in all the compositional ranges discriminated in Suárez and García-Romero (2013) , without major compositional gaps (Fig.  16 ). AEM analysis of smectite and palygorskite have great similitudes, palygorskite has a slightly higher Mg content than smectite, however the most significant feature to differentiate between them is their morphology.
To identify whether or not the origin of the smectites present within the fault plane are authigenic, 103 smectite crystals were analyzed including smectites collected from Table S1 . Most of the smectites analyzed show a beidellite character. Smectites from the lutitic strata show a higher content of Fe, while those from the marly strata show a higher Al content. Smectites from the fault plane have chemical features similar to both the marls and the lutites from the wall rock, however, their Mg content within the octahedral layer appears slightly higher than those from the wall rocks.
The identification of a small peak of palygorskite in XRD analysis (see the diffractograms of samples in Supplemental 1 Fig. S1 ) motivated the exploration of the chemical composition of the sepiolite fibers in the sepiolite-rich gouge. A sequence of chemical analysis acquired within 46 individual fibers of sepiolite show the small content of aluminum in 16 of the crystals. The highest Al content appears toward the edges of the crystals in 9 of the 16 crystals; while for the remaining 7 the Al content seems to be similarly distributed along the crystals. Differences in the Al content are noticeable within an individual fiber (Fig. 18) , where the area of analysis 3 (in red) shows significantly higher Al content than areas 1 and 2.
Permeability
The values obtained from the permeability measurements on the smectite-rich fault gouge range between 1 × 10 -20 to 1 ×10 -21 Whitney and Evans (2010) . Sep = sepiolite, Ilt = illite.
FiGuRe 16. Variability in the octahedral cation content of the sepiolites, palygorskites, and smectites of the study and their chemical classification according to Suárez and García-Romero (2013) . Ideal octahedral cation oxide content for sepiolite and palygorskite are plotted according to García-Romero and Suárez (2010) . (Color online) FiGuRe 17. Ternary plot of major octahedral cations in smectite crystals from the fault rock in blue, lutitic wall rock in red, and marly wall rock in green. Yellow and light-blue squares correspond to smectite crystals from the fault plane analyzed after homoionization with K and Ca, respectively. (Color online) m 2 , which decrease almost linearly with a rise in confining pressure from 5 to 100 MPa, while results for the sepiolite-rich fault gouge range between 1 × 10 -18 to 1 × 10 -19 m 2 (Fig. 19) .
diSCuSSion
Sepiolite to palygorskite phase transformation in the fault gouge Sepiolite is the major phyllosilicate in the central segment of the Galera Fault (Sánchez-Roa et al. 2016), as is supported by low-and high-resolution TEM images (Figs. 9, 10, 11, and 12) . Nevertheless, significant Al content has been found in various analyzed fibers, defining a continuous trend between the compositional fields of sepiolite and palygorskite (Fig. 16 ). This Al is preferentially associated to the border of the fibers, with a tendency to be absent in their centers (Fig. 18) , and is expected to be associated to nanometer-sized (less than 6 nm) discrete areas of palygorskite (Figs. 12b and 18 ). The d-spacing variation of lattice fringes on HR-TEM images of sepiolite ranges from 1.1 to 1.24 nm (Fig. 11) . The presence of different d-spacings could suggest small contributions of palygorskite polysomes to the sepiolite structure (Suárez and García-Romero 2013) that alter the regular (110) spacing of sepiolite ideally defined at 1.22 nm.
The acquired images are consistent with this interpretation, however, it is important to note that thickness, focus or beam damage effects could also cause alteration of regular spacings.
In nature, the progressive transformation from one phase to another, due to changes in chemical and/or physical conditions, may occur via polysomatic reactions or as the growth of discrete crystals of the new phase. Polysomatic reactions are seen in the case of smectite to illite through illite/smectite mixed-layers (Hower et al. 1976) , or in the case of the transformation from pyroxenes to amphiboles through pyriboles (Veblen and Buseck 1981) . In both of these cases, high-resolution images display the new polysome as individual unit cells within the former phase showing their respective characteristic spacings, which allow the clear identification of the areas in which the new polysome is present (Bozhilov et al. 2007; Vázquez et al. 2014) . In other cases, the new phase nucleates as discrete crystals, sometimes assisted by topotactic or epitactic mechanisms (Sánchez-Navas 1999), but without the existence of intermediate stages (e.g., chlorite to biotite transformation or the transformation among the aluminum silicate polymorphs). Figure 12 could represent such a case or could be a more advanced stage in the progressive development of polysomes. Contrary to the layer silicates, the sepiolite-palygorskite polysomes would be individual chains. Considering that a lattice fringe in a high-resolution image would include at least 15 unit cells in depth, when assuming an average width of 20 nm per lath, the variability in the measured spacings could be the result of different proportions of the two types of chains, representing a weighted average of the spacings of the two polysomes. Nevertheless, we have not found individual lattice fringes corresponding to the palygorskite spacing in a matrix of sepiolite, contrary to the case described for pyriboles by Bozhilov et al. (2007) . Hence, our results cannot be considered conclusive in relation to the mechanism of transformation between sepiolite and palygorskite, however, chemical analysis confirms that the Al content appears often toward the edges of the crystals (Fig. 18 ). This suggests that the phase transformation starts affecting the edges of sepiolite fibers by including Al in palygorskite polysomes or directly producing the growth of individual crystals of palygorskite. This phenomenon in the context of fault zones can be related to fluid-rock interactions of the gouge (Sánchez-Roa et al. 2016) . 
Genetic relation between palygorskite and Mg-smectite in the fault gouge
Quantitative chemical analysis in palygorskite and smectite particles shows a compositional overlapping between fibrous and smectite crystals (Fig. 16 ). This chemical similarity of some palygorskite and smectite crystals suggests that either a transformation or some mineral epitaxial overgrowth between smectite and palygorskite crystals is taking place within the smectite-and palygorskite-rich sample (Fig. 16) .
To explore this possibility, AEM analysis on 103 crystals of smectite from the two main levels of the sedimentary sequence of the wall rock and smectites from the fault plane is shown in Figure 17 . The results of the normalized chemical formula in the three groups of smectite show a higher interlayer Mg content for the smectites of the fault plane but are inconclusive regarding a change of the 2:1 layer composition of smectites. The most common products of the transformation of fibrous clay minerals in experimental studies are Mg-rich smectites (Golden and Dixon 1990) . This suggests that a portion of the smectites within the fault plane could have an authigenic origin, which would be the result of a transformation reaction from palygorskite, however, the similarity of the 2:1 layer compositions between the smectites in the two contexts does not allow to either confirm nor deny such possibility.
Previous studies on the transformation of fibrous clay minerals to smectites have experimentally shown that the product of hydrothermally transformed sepiolite is often constituted by lath-like morphology smectite (Guven and Carney 1979) . This phenomenon was again observed in the transformation from palygorskite to smectite and explained by smectite forming within the palygorskite laths prior to their physical disruption producing a palygorskite pseudomorph composed of smectite (Golden and Dixon 1990) .
Based on the two well-defined textures in the experimentally deformed rock (Figs. 13 and 14) and the absence of the texture segregation in the naturally deformed rock (Fig. 8) , we suggest that this textural difference could be an indication that the palygorskite crystals were indeed intergrown with smectite crystals in the natural rock. Segregation of mineral phases observed in the experimentally deformed rocks can, on the other hand, occur as a result of the disaggregation of the rock during sample preparation and re-aggrupation of crystals by habit during the experiment (Fig. 13) .
Deformation features in planar and fibrous clay minerals
Clay minerals are major constituents of many fault gouges (Haines and van der Pluijm 2012; Rutter et al. 2012; Schleicher et al. 2013) , reaching up to 99.5% in the Central Deforming Zone of the San Andreas Fault (Hadizadeh et al. 2012; Janssen et al. 2014) , and constitute the majority of the fault gouge in the Galera Fault Zone (Sánchez-Roa et al. 2016 ). However, not all clay minerals have the same physical and chemical properties and possibly nor the same mode of deformation. In this section, we aim to compare the deformation features from platy and fibrous clay minerals to identify possible differences in their behavior under shear in both natural faults and friction experiments. The Galera Fault Zone is an ideal natural example for this study due to the presence of both platy and fibrous clay minerals within its main sliding planes (Sánchez-Roa et al. 2016) .
Frictional deformation in phyllosilicates is facilitated by a series of micromechanisms including grain-grain sliding when the planar minerals are aligned on their basal planes, delamination, cataclasis, crystal plasticity, and pressure-solution creep. These processes are controlled by many factors including pressure and temperature (Beeler 2007; French et al. 2015) . SEM observations on samples in this study do not show significant differences between the microstructures of wet and dry frictional experiments as has been previously described for microstructures of phyllosilicates sheared at low temperatures (Moore and Lockner 2004; Behnsen and Faulkner 2013; Haines et al. 2013) . In general, all SEM observations in the experimentally deformed samples show distributed deformation within the phyllosilicates of the matrix (Figs. 2-7) .
TEM observations on the smectite-rich gouge show how smectite crystals present broken and displaced lattice fringes in the rock matrix to accommodate deformation (Fig. 8) . In this way, smectite crystals ensure a uniform distribution of the shear in the rock. The quick alignment of the smectite and illite crystals of the matrix of the smectite-and palygorskite-rich samples in the experimentally deformed gouges demonstrate that when the shear deformation starts, the platy minerals rapidly adopt a preferred orientation producing a very similar fabric to the one observed in the naturally deformed rocks. Smectite crystals aggregate together with the same orientation on their basal planes and facilitate grain on grain sliding as well as delamination processes that accommodate deformation through creeping (Fig. 8) .
On the other hand, the fibrous phyllosilicate gouge shows mainly three different orientations of the fibers. This grid-like microfabric (Fig. 9 ) and the absence of weak cleavage planes for the intragranular sliding result in the formation of feather structures that mark areas where the deformation processes have been localized producing the observed grain size reduction through a mechanical bending and breaking of the fibers. The orientation of the feather-like structures (Fig. 10 ) resemble the orientation of Riedel shears (Rutter et al. 1986) , indicating that deformation is localizing by bending and breaking the fibers at a very small scale that is not visible until the clay fraction of the gouge is examined in detail (Figs. 10 and 15) .
In the case of the experimentally deformed smectite-and palygorskite-rich gouge no feather structures were observed, a phenomenon that can be explained by the high amount of smectite in the sample that accommodates most of the deformation without the need to affect the stronger palygorskite-rich areas.
In HR-TEM observations, the delamination processes are visible in the smectite crystals, however, in the fibrous materials the lattice fringes appear continuous. The higher strength of the fibrous structure hinders delamination processes accommodating the imposed deformation by breaking and bending of fibers resulting in a series of feather-like structures at the micro-scale (Fig. 10) .
impliCationS
Based on our results, we propose that the mineral transformations in the Mg-rich fault gouges of the Galera Fault are a consequence of the fluid depletion in Mg with progressive exhumation and a proportional increase of Al content enhanced by the interaction with the Al-rich wall rocks. Sánchez-Roa et al. (2016) showed that mineralogical and geochemical differences between fault gouges and wall rocks are likely to be the result of periods of fluid-rock interaction within the Galera Fault. MgO and As gains in fault gouges pointed to a circulation of hot deep fluids as the source of the Mg-rich fluid, produced by the dissolution of the thick dolostone sequences that form the Mesozoic carbonatic basement. Sepiolite precipitated directly from an Mg-rich fluid while palygorskite and smectite formation could be products of the interaction of the fluid with the Al-rich host rock and the infiltration of oxidized basinal fluids with high pH + . The evolution sequence identified in this study starts with the precipitation of sepiolite from Mg-rich hydrothermal fluids (Sánchez-Roa et al. 2016) . Sepiolite crystals start to incorporate palygorskite domains to produce a first evolution stage where both sepiolite and palygorskite are present as independent crystals as is the case of the studied gouge from the Galera Fault. Following this, we propose a second evolution stage intermediate between the two gouges studied in which all sepiolite has been transformed to palygorskite. The smectite-palygorskite gouge from the Galera Fault constitutes the third stage of transformation in which the smectites in the wall rock change their interlayer composition and a part of the palygorskite could have been transformed to smectite as a result of the large Al-availability forming Mg-rich smectite. In a more advanced stage, it is possible that further alteration of the fault gouge results in a platy Mg-rich smectite enrichment, which could alter fault strength and permeability, affecting earthquake nucleation and propagation processes.
The permeability of fault zones is a relevant property that controls the subsurface fluid flow and plays an important role in coseismic fluid pressure changes, pore pressure buildups, and potential weakening of faults (Scuderi and Collettini 2016; Faulkner et al. 2018 ). There is a difference of almost two orders of magnitude in the measured permeability for the two fault gouges in this study (Fig. 19) . This permeability contrast can be related to the dominant phyllosilicate for each gouge. Both gouges decrease their permeability with increasing confining pressure, however, the smectite-rich fault gouge sustains greater decline in permeability for a given change in confining pressure (Fig. 19) . The faster decrease in permeability for the smectite-gouge can be related to a much higher level of sheet alignment and lateral connectivity of the platy smectite crystals at medium to high pressures facilitated by the high particle mobility of this mineral (Behnsen and Faulkner 2011) . On the other hand, the grid-like microfabric in the fully fibrous material can leave room for a higher number of interconnected pores due to the lack of fiber alignment that adds to the structural microporosity of the fibers as a consequence of their internal channels. These results show how the permeability of the gouges in the Galera Fault is strongly affected by the mineralogy of the gouge, implying that mineral authigenic growth and mineral transformations could constitute a controlling factor on the permeability of the fault zone.
The strength of the two fault gouges in the Galera Fault show highly contrasting values. The sepiolite-rich gouge has a higher friction coefficient (m = 0.47 under wet deformation), while the smectite and palygorskite-rich gouge has a significantly lower friction coefficient (m = 0.17 under wet deformation) (Sánchez-Roa et al. 2016) . The presence of smectite has proven to have important effects on the strength of faults by contributing to a lower frictional strength and has been reported to have a weakening effect on concentrations as low as 10 wt% (Oohashi et al. 2015) . Furthermore, previous studies comparing the strength of monomineralic fibrous clay minerals and the smectite saponite have shown that their frictional strength is dictated by their crystal structure showing that fibrous Mg-rich phyllosilicates are stronger than the platy smectite (Sánchez-Roa et al. 2017) . Therefore, we suggest that the strength of the Galera Fault could be significantly controlled by the palygorskite to smectite ratio within the fault planes.
Mineral transformations between fibrous and planar clay minerals (specifically smectite) could occur in a variety of geological settings involving Mg-rich environments. As a consequence, these mineral transformations will considerably change important chemical and physical properties, such as surface area and cation exchange capacity, that significantly alter the microfabric, permeability, and strength of the geological material.
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